Military test and training ranges generate scrap materials from targets and ordnance debris. These materials are routinely removed from the range for recycling; however, energetic material residues in this range scrap has presented a significant safety hazard to operations personnel and damaged recycling equipment. The Strategic Environmental Research and Development Program (SERDP) sought proof of concept evaluations for monitoring technologies to identify energetic residues among range scrap. Sandia National Laboratories teamed with Nomadics, Inc. to evaluate the Nomadics FIDO vapor sensor for application to this problem. Laboratory tests were completed that determined the vapor-sensing threshold to be 10 to 20 ppt for TNT and 150 to 200 ppt for DNT. Field tests with the FIDO demonstrated the proof of concept that energetic material residues can be identified with vapor sensing in enclosed scrap bins. Items such as low order detonation debris, demolition block granules, and unused 81-mm mortars were detected quickly and with minimum effort. Conceptual designs for field-screening scrap for energetic material residues include handheld vapor sensing systems, batch scrap sensing systems, continuous conveyor sensing systems and a hot gas decontamination verification system. 4
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Introduction
The Strategic Environmental Research and Development Program's Exploratory Development (SEED) Program issued a statement of need seeking proof-of-principal work for analysis, characterization and treatment of energetic residues on scrap materials at military training/testing installations. The objectives of this effort included:
• Develop/apply state-of-the-art, field-portable monitoring technologies to analyze and characterize the energetics residues found on the wide variety of scrap materials that are exclusive of unexploded ordnance (UXO) but which include munitions casings, training targets, and other scrap/fragmented materials found at testing/training ranges on DoD installations. Methods to detect buried UXO or remove scrap materials from ranges are not a part of this statement of need.
• Develop new, innovative, and cost effective technologies and processes to effectively treat energetics residues typically found on these scrap materials so as to render the scrap materials non-hazardous and suitable for recycling/recovery. Treatment technologies should consider the potential range of sizes of scrap pieces, range of energetic material residues, need for size reduction of the scrap for recycling, and the control and/or monitoring of any effluent (liquid or gaseous) from the treatment process.
Proposed efforts must address the diversity of scrap materials and energetics residues found at all types of DoD testing/training ranges for all military service branches. The results of this work, if successful, should lead to further development or demonstration and eventually be applicable to multiple military sites for a wide variety of scrap materials and the various energetics residues.
Sandia National Laboratories teamed with Nomadics, Inc. (Stillwater, OK) to show how the Nomadics FIDO sensor could be used for vapor sensing of explosive residues. This report provides background on vapor sensing for TNT based explosives among military scrap, describes the FIDO sensor detection threshold tests and FIDO sensor screening tests for explosives among scrap materials, then closes with a description of conceptual deployment opportunities. (Caris, 2000) . All tests were performed at levels below 500 µg/cm 2 because conventional decontamination can easily achieve this level. Impact tests and friction tests on wood showed no positive reactions for all combinations. Friction testing produced sparks for concrete and metal with the lowest residue of 100 µg/cm 2 for RDX on metal. All electrostatic discharge tests demonstrated localized reactions down to the lowest level tested at 50 µg/cm 2 ; however, the reaction did not propagate throughout the entire sample showing only localized reactions with insufficient energy to propagate through the entire sample. Through these tests, the Navy has recommended the following Explosive Hazard Thresholds (EHT) to the Department of Defense Explosive Safety Board (DDESB):
Vapor Sensing for TNT Based Explosives Among Military Scrap
non-porous surface, 3.5 mg of an explosive per 100 cm 2 of surface area (3.5 mg/100 cm 2 wipe) (Anderson and Ricks, 2000) .
Environmental restoration soil safety guidelines have also been developed. Non-detonable amounts of explosives in soils has been determined through various testing methods and an upper limit has been prescribed as 10% (w/w) or 100,000 mg/kg by the Department of Defense Explosive Safety Board (DDESB) (Balasco, 1987) . At Los Alamos National Laboratory, the explosives safety group has defined the soils threshold to be 5% (w/w) or 50,000 mg/kg based on testing results in their laboratories.
Another measure for safe explosive residuals may be found in the detonation physics of energetic materials. Mass detonating quantities of energetic materials are of principal concern for safety during
treatment. An important feature of energetic materials is that a minimum critical diameter is necessary for detonation to propagate through the material (Cooper, 1996) . For most military explosives (TNT, RDX and HMX) the critical diameter is about 1 to 10 mm. The failure thickness is defined similarly for surface coatings and ranges from 0.5 to 2 mm for the same group of explosives (Cooper, 1996) . A 0.5 mm surface coating of TNT (at a density of 1.6 g/cm 3 ) corresponds to a surface density of 80,000 µg/cm 2 .
This is in great contrast to the proposed 35 µg/cm 2 (or 35 mg/100 cm 2 ) for non-porous surfaces noted above for minor reactions in friction and electrostatic discharge tests.
Volatilization of Solid Phase Energetics
Many explosives exist as solids at normal temperatures. Sublimation is a special case of evaporation phenomena where a substance passes directly from a solid to a vapor without appearing in the intermediate liquid state. Both sublimation and liquid state vaporization can be described by diffusional mass transfer where the rate of mass loss is determined by the rate at which the molecules migrate from the region of saturated vapor (solid phase surface) to a lower concentration in the bulk gas. At steadystate, the rate of vaporization can be expressed in terms of the amount of solid material lost per unit time and per unit surface area by Fick's first law:
where m is mass, A is surface area of the solid phase, t is time, M is molecular weight, D is the diffusion coefficient in air, C S and C b and the molar concentrations of vapor at the solid surface and the bulk gas, respectively, and L is the length of the concentration gradient. The latter is also referred to as the diffusion layer thickness, which is affected by the velocity of air flowing past the material.
Volatilization of explosive vapors from other surfaces (scrap metal, painted surfaces, soil) is a more complex process due to interactions with the host material. In most cases, the vapor concentration at the material surface will be much less than saturation (C s ) causing a lower concentration gradient and a lower vaporization rate. The difference in volatilization rates between solid phase energetics and surface residues is too complex to assess through this effort, but the results from the bin tests indicates the difference may not be that great, and more importantly, could be overshadowed by the total surface area available for volatilization. Equation [1] includes a surface area term that shows a direct relationship with the volatilization rate per unit area. Thus, a material with a low volatilization rate over a large surface area may exceed the total mass transfer into air than a high volatilization rate over a small surface area.
Project Approach
Since there is no definition of an acceptable deminimis amount of explosive residue on scrap, even small quantities exceeding the explosive hazard thresholds or failure diameter/thickness need to be identified. These small amounts may be indistinguishable from larger surface area materials containing non-detonable surface residues. Re-deposition of volatilized explosive vapors complicates the process in a way that estimating the vapor concentration with numerous sources and sinks of variable nature using theoretical methods is impractical. Therefore, a project was defined to assess whether there is sufficient vapor from various sources and use sensing threshold determinations to evaluate the utility of vapor sensing for explosives among scrap.
This project was organized into three tasks as follows: After completion of the bin tests, the data were evaluated to determine the best use of the Nomadics AFP sensor in a handheld or automated scrap sensing system.
Sensor Performance Tests
Introduction
The estimated vapor-sensing threshold of the FIDO was reported by Nomadics to be in the low femtograms (fg) range. This was determined by delivery of a known concentration emitted by a vapor generator and measurement with the FIDO sensor. Using 1 fg with a ~ 50 mL/min sampling rate for ~ 5 seconds, this corresponds to a vapor concentration of about 0.0002 ng/L (0.03 ppt). The best comparison headspace vapor sampling and analysis tool is solid phase microextraction (SPME) with gas chromatography/electron capture detection (GC/ECD). With a minimum 10 pg ECD signal, a 100 min sampling time and a SPME sampling rate of 8.5 mL/min, the lowest detectable vapor concentration is about 0.01 ng/L (1 ppt).
In order to quantify the detection threshold of the Nomadics FIDO, we believed we would need to extrapolate the headspace vapor concentration from soil headspace vapor standards and water headspace vapor standards. Soil and water standards were prepared to produce varying levels of TNT and DNT vapors as a headspace in closed containers. The containers were filled half full with the source material leaving half the volume for headspace vapor sensing. The containers were opened just long enough for the FIDO to obtain a good signal, and then closed to re-equilibrate for future testing. Headspace standards were prepared to bracket the expected sensing threshold of the FIDO and were verified (above 1 ppt) with measurement using SPME sampling and GC/ECD quantification.
Water Headspace Vapor Standards
Headspace vapor standards created with water solutions of TNT and DNT are modeled after the water-air partitioning process described by Henry's Law. Henry's Law constant is a relative measure of the amount of the chemical that exists in the gas phase to that in the aqueous phase, at equilibrium, and is defined as
where K H is the Henry's Law constant (unitless) and C G is the concentration in gas phase (g/cm 3 headspace) and C L is the concentration in the liquid (aqueous or water) phase (g/cm 3 water). Henry's Law constant is also a function of temperature because both C G and C L are functions of temperature.
Several groups (Dionne, 1986; Pella, 1977) have collected vapor pressure data for TNT and DNT. The data from Pella (1977) have been used in this work and are shown in Table 1 . Water solubility data for DNT and TNT was used from Phelan and Barnett, 2001 . An empirical relationship of water solubility as a function of temperature was determined and is shown in Table 2 . Using the information from Tables 1 and 2, a relationship for K H as a function of temperature was developed and is graphically shown in Figure 2 . To achieve the desired headspace vapor concentrations to test FIDO at the limit of detection, serial dilutions of stock aqueous solutions of TNT or DNT were prepared as shown in Table 3 and 4. The stock solution of TNT was 81 mg/L and for DNT was 100 mg/L. The detection limit of a direct aqueous injection for the HPLC is about 50 µg/L. Since all of the water solutions will be at or below this limit, validation of solution concentrations will require preconcentration using Solid Phase Extraction (SPE)
with Gas Chromatography/Electron Capture Detection (GC/ECD), which will extend the detection limit down to 0.05 µg/L. This will suffice for all but the lowest concentration for DNT. However, at these
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DNT TNT ultra trace levels, the variability of the measurements using SPE will increase causing more uncertainty in the headspace vapor concentration estimates. Figure 3 shows the headspace TNT and DNT as a function of aqueous phase concentration with the HPLC and SPE-GC/ECD detection limits. Another method using headspace vapors derived from contaminated soils will also be used and is described in Section 3.3. water-air partioning (K H ), soil-water partioning (K d ) and soil-vapor partioning (K d' ). Using methods developed previously in our lab, we are able to prepare known headspace vapor concentrations over a wide dynamic range (Phelan and Barnett, 2001 ).
Soil standards were prepared by mixing crystalline chemical into Sandia loam soil (sieved to retain < 2 mm fraction) in a one-gallon paint can on a rotating tumbler for about 24 hours. The container was then placed into an oven at 100°C for four hours, and then placed on the rotating tumbler for 24
hours. Serial dilutions of the stock material were prepared using clean soil in one-quart paint cans. Stock soil standards were prepared to target ~ 100,000 ng/g for TNT and 7,000 ng/g for DNT to produce Tables 5 and 6 . The average (std dev) soil moisture contents of the dry DNT and TNT soil standards were measured to be 0.5% w/w (0.07) (n=3) and 0.2% w/w (0.04) (n=3), respectively. At this low moisture content, the vapor concentrations for even the highest soil residues were too low for the FIDO to measure. Thus, the soil was wetted to the target soil moisture content to bracket the expected FIDO performance. One complication for the wet soil headspace testing is the uncertainty in time to reach equilibrium vapor concentrations. In previous preliminary and very limited kinetics testing, equilibrium was reached in 24 hours for TNT, but required about 6 days for DNT (Phelan and Barnett, 2001 ).
16 Using the values from Tables 5 and 6, Figures 4 and 5 show the dynamic range of TNT and DNT headspace vapor concentrations as a function of total soil concentration and soil moisture content, respectively.
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TNT Soil Headspace Concentrations as a Function of Soil Moisture Content
1.E+00 As the testing began with the FIDO 4E sensor, we found that the threshold for detection was near 10 ppt for TNT and 200 ppt for DNT. Sensor threshold testing could easily be accomplished with aqueous solutions above the HPLC detection limit of 50 µg/L. The dry soil standards prepared at the six levels (about 10x apart) were going to be much too low in headspace vapor concentration for the FIDO.
Therefore, the soil standards of the three highest levels (T-1, T-2 and T-3; D-1, D-2 and D-3) were wetted up to about 4% (w/w) and allowed to equilibrate for 24 hours. Gravimetric soil moisture content results for DNT showed an average (std dev) value of 4.5% w/w (1.7). The soil moisture content for the TNT soils were not measured but can be safely assumed to be 4.2% (w/w) based on the dry moisture content and the added moisture.
Headspace Verification Sampling and Analysis
To verify the headspace vapor concentrations of TNT and DNT, solid phase microextraction (SPME) fibers were used to sample the headspace vapors, which are then quantified using a GC/ECD.
The polydimethylsiloxane-divinyl benzene (65 µm PDMS/DVB) coated SPME fibers (Supleco) were used for this application. The SPME fibers sample TNT and DNT at a constant rate, which allows one to measure the sampling rate and derive an effective volumetric sampling rate using a saturated headspace vapor concentration as follows (Jenkins et al., 2001) :
where, the EVSR SPME is the Effective Volumetric Sampling Rate (mL/min) for the SPME, the MSR SPME is the Measured Sampling Rate (pg/min) for the SPME in the headspace volume, and the VD T is the assumed vapor density (pg/mL) at the measured temperature. For both DNT and TNT we use the vapor pressure data from Pella, 1977 (Table 1) . About 100 mg of DNT or TNT was placed into a 40 mL amber septa top vial and left to equilibrate in a temperature controlled chamber. SPME fibers were allowed to equilibrate at the same temperature as the vial, then placed into the headspace for 1 minute and quantified on the GC/ECD. The vial and SPME calibration temperatures ranged from 10 to 30°C.
Once the EVSR SPME is determined, unknown headspace vapors can be quantified by collecting a sample for a known time and calculating the vapor concentration as follows:
where, VC T (pg/mL) is the vapor concentration in the unknown headspace at a specific temperature. An example of the EVSR SPME for TNT at near lab temperatures is shown in Figure 6 . Figure   7 shows the comparison of estimated DNT headspace vapor for both aqueous solutions and soil standards with measured values for each. There was very good correlation for the aqueous solutions, however, there were both over and underestimates when compared with the soil standards. One of the problems recognized with this method is that the headspace vapor levels vary dramatically with small changes in soil moisture content. We have learned that we might have been better off using the three lowest soil standards and raising the soil moisture content above 10% (w/w) to be in a region where small variation in soil moisture content has less impact on the headspace vapor levels (see Figures 4 and 5) . High concentration aqueous solutions were used to verify initial operations of the sensor. After initial screening found the sensing threshold to be around 10 ppt for TNT and 200 ppt for DNT, more careful replicate vapor sampling/data acquisition runs were completed. Seven vapor sampling/data acquisition runs were averaged into a single data file for sensing threshold determinations. This FIDO version showed a small response to water vapor. This was believed to be water deposits on the sensing lens and not a polymer response. All the averaged replicate data were corrected for a blank water vapor response. The average percent quench and the root mean square (RMS) noise from the five seconds prior to vapor inlet were calculated for each aqueous solution and soil standard. The ratio of the average water corrected percent quench to the RMS noise was used to calculate the signal to noise (S/N) ratio.
TNT Results
Data collected from the FIDO response is quantified as a normalized response that indicates a quench in the fluorescence of the excited polymer. About 10 seconds of baseline was recorded, the FIDO was placed into the headspace vapor for 5 seconds, then removed until baseline was re-achieved. Figure   9 shows an average response (n=7) of the FIDO from TNT headspace vapors over aqueous solutions of various concentrations. The time to maximum fluorescent quench was about 5 seconds with a recovery of 10 to 20 seconds after removal from the headspace vapor source. An average signal to noise (S/N) was developed using a ratio of the average response from the seven tests at each vapor concentration to the average noise in the last 10 seconds before presentation to the headspace vapors. The S/N as a function of TNT headspace vapor concentration is shown in Figure   11 . The Nomadics FIDO 4E sensor was shown to have a good linear response to headspace vapor samples from TNT and DNT aqueous solutions and soil standards. From this data, we can estimate the vapor-sensing threshold in several ways. For situations requiring high confidence in a regulatory environment, the U.S. Environmental Protection Agency (EPA) protocols specify a minimum detection limit (MDL) determined statistically as a one-sided t-test at a desired confidence level (EPA, 1992) . This is defined as the minimum concentration of a substance that can be measured and reported with 99%
confidence that the analyte concentration is greater than zero and is determined from analysis of a sample in a given matrix type containing the analyte. This is calculated by multiplying a 99% t-statistic times the standard deviation from replicates of samples at 3 to 5 times the instrumental signal to noise ratio.
An example of the variance in the quench in replicate samples is shown in Figure 21 for TNT headspace vapors (30 ppt) over aqueous solution. To calculate the statistical MDL, the data was processed in several steps. There was a small response of the FIDO to water vapor (see Figure 8) , so the average of the peak response to the water vapor (n=7) was first calculated. Next, for all sample runs the root mean square of the first nine (9) seconds prior to placing the FIDO sampler into the headspace vapor was calculated to estimate the instrumental noise. Next, the maximum response for each trial was identified. Then, the maximum quench for each trial was corrected by subtracting the average response due to water vapor.
The standard deviation for the seven trials of the maximum quench corrected for water was determined and is shown in Table 6 for the three lowest TNT headspace over water standards. The regression line for the signal to noise for TNT headspace over water standards ( Figure 10 ) was used to determine the S/N values at each concentration and are shown in Table 7 . Table 7 also shows the 99% 95% and 90% confidence minimum detection limits in percent quench and headspace vapor concentrations (ppt), using the t-statistic of 3.14, 1.94 and 1.44, respectively.
We have presented three levels of statistical confidence detection limits because the requirements for vapor sensing of explosive vapors among scrap have not been established. In addition, the time between sampling events for the replicates was short, about three minutes, which was not based on a rigorous assessment of the time needed to reestablish equilibrium headspace concentrations. However, the patterns and maximum quench for the replicate series did not show a declining trend indicative of inadequate time to re-equilibrate the headspace vapor concentrations. Since the response of FIDO to DNT was much less than for TNT, a rigorous statistical analysis of the MDL for DNT was not performed. Another method more typically used to quantify the performance of a sensor that is in the developmental stage is to determine the minimum detectable concentration as a function of signal to noise ratio. The regression lines for S/N versus headspace concentration were determined for TNT and DNT 30 for both soil and aqueous standards (Figures 11, 14, 17 and 20) . The slopes for these regression lines were used to calculate the minimum detectable vapor concentrations for TNT and DNT at various S/N ratios and are shown in Table 8 and 9, respectively. In summary, the absolute detector threshold provided by a clean matrix (vapor generator effluent) of the FIDO is very low, in the low femtograms range for TNT, which corresponds to an equivalent vapor sensing threshold of 0.03 ppt. However, the actual vapor sensing threshold is more like 10 to 20 ppt for TNT and 150 to 200 for DNT. These differences (~ 150 to 300x) are due to sample entry losses and matrix effects (e.g. water vapor and other airborne chemical interferences). We also found that the FIDO had a very linear response from detection threshold up to testing limits (~100x) with a fast response time (~ 5 seconds to maximum quench) and return to baseline (~15 to 20 seconds).
Bin Tests
The Nomdics 4D sensor was operated by Nomadics personnel at Sandia National Laboratories from August [28] [29] [30] 2001 . This sensor package contained a slightly different inlet, optical and data collection/storage system compared to that used in the vapor sensing threshold tests. Figure 22 shows two of the 1 m 3 bins at the Sandia National Laboratories field test location. 
Field Calibration
As described in the sensor threshold testing effort (Section 3.2) TNT aqueous headspace solutions were developed as positive controls during the bin tests. Solutions were prepared gravimetrically for a stock solution at 10 mg/L followed by serial dilutions to make 1 mg/L and 0.25 mg/L solutions. These solutions were measured by RP-HPLC and determined to be 9 mg/L, 0.7 mg/L, 0.07 mg/L after completion of the tests (September 7, 2001 ). There was a significant decline in the middle and lowest standards compared to the gravimetric basis.
The measured values were used to define the headspace vapor levels. The FIDO 4D sensor did not have a response to water vapor (compared to the FIDO 4E used in the sensor threshold tests). Figure   23 shows single quench traces (no averaging) for each of the calibration solutions. Figure 24 shows a calibration plot of percent quench compared to estimated headspace vapor concentration. A S/N ratio was calculated for each calibration test (not shown), plotted with the estimated headspace vapor concentration, and the slope of this line was used to define the signal to noise ratio detection limits shown in Table 10 .
The FIDO 4D unit did not demonstrate as low a sensitivity as the FIDO 4E unit used in calibration testing by a factor of 10 (Table 8) ; however, the sensitivity to water vapor was eliminated. Figure 25 shows typical contents in these bins. A 2.5 cm diameter hole was drilled into the top of each bin. The FIDO was placed into the hole such that the tip of the FIDO inlet protruded just into the bin. To improve presentation of the explosive vapors to the FIDO instrument a small portable fan was placed into the bin (Figure 26 ). Of the item surveyed with in the bin tests, the low order debris showed the highest FIDO quench. Table 11 shows the maximum quench and estimated vapor concentration derived from the calibration plot shown in Figure 24 . These results show discrimination of explosive vapors derived from various items among scrap is possible. Some of the values in Table 11 are below the derived 2:1 S/N ratios (Table 10) . Therefore, the assignment of a S/N ratio for a sensor threshold could be less than 2:1 for this device. 
Conceptual Design
Conceptual Scrap Sensing Systems
The following four conceptual scrap sensing systems have been envisioned: 1) Handheld Manual Inspection Method. A handheld survey tool can be constructed for use in manually interrogating suspect items in scrap piles on the range. Both a low volumetric rate sampling system and a high volumetric rate sampling system have been envisioned.
2) Batch Bin Method. The simplest approach for a small volume of range scrap is to place the material into a bin, place a fan inside or use an external air source (ambient or heated) to circulate the air, and sample with the FIDO at multiple locations through penetrations in the bin sides or top. These bins can be small or as large as shipping containers.
3) Continuous Conveyor Method. For large volumes of scrap, a continuous conveyor can be constructed with scrap items placed onto a conveyor belt that passes into a sensing chamber.
The conveyor can either stop for a short period or run at a slow rate through the sensing chamber. Internal or external air sources (ambient or heated) can be used to circulate air in the sensing chamber. Again, the FIDO sensors can be placed at multiple locations on the sides or top. If there are infrequent indications by the FIDO, the system can be stopped and scrap items can be inspected on the conveyor belt. If there are frequent indications, a segregation system can be employed that automatically transfers this material to a pile for later manual inspection.
4) Hot Gas Decontamination Quality Assurance. SERDP has expressed interest in using the FIDO vapor sensor to verify adequate decontamination of scrap that has been processed by a hot gas system. This system involved organizing the scrap into a pile, covering the pile with insulation, and passing hot air from one end through the scrap to an exit at the opposite end.
The gas exiting the system could be monitored for explosive vapors and when the concentrations reach a minimum determined value, the scrap can be considered safe for traditional recycling.
